ABSTRACT: A new two-tier inverse characterization technique for coaxial to waveguide transitions including a device under test is presented in this paper
INTRODUCTION
Transitions provide the necessary interconnection capability between different types of transmission lines such as waveguides, coaxial, coplanar or microstrip lines. A good characterization of these elements is necessary in order to assess their behavior and to carry out design and optimization processes.
Coaxial to waveguide transitions have been widely analyzed [1] [2] [3] [4] since they are used in a multitude of microwave applications: multiplexers, diplexers, power dividers, and transitions (which can also be viewed as a particular case of T-junctions). If the scattering parameters of the employed transitions are known they can be removed from vector network analyzer (VNA) measurements by the so-called de-embedding process [5] [6] . A precise evaluation of any transition becomes essential then to characterize a device under test (DUT). However, obtaining the transition parameters is not immediate as they must be characterized from measurements made at the VNA reference plane where known standards are evaluated. This process is referred to as unterminating [6] .
Numerous methods and techniques have been developed using different approaches. Iterative approaches have been studied showing that it is possible to use redundant standards to increase the accuracy improving the conventional calibration procedures [6] [7] . Genetic algorithms have been employed to de-embed the test fixture effect using a thru measurement in [8] without using any other standards. A previous study of this work in [9] uses genetic algorithms and a gradient based method to extract S-parameters from coaxial to waveguide transitions without taking into account the device under test to be measured. CAD models of transitions have been used in coaxial to waveguide transitions [10] . However, a full-wave electromagnetic analysis of these structures requires frequency-dependent and time-consuming calculations. Additionally, specific characteristics of the transitions cannot be taken into account sometimes due to the high complexity of the structure under study. To overcome these drawbacks some characterization methods based on S-parameter measurements have been presented, specifically focused on coaxial probe modeling in waveguides and cavities. One of the most important contributions of probe-excited waveguide problem was presented in [1] , where a rigorous method to obtain the 2-port scattering matrix of a probe-excited semiinfinite waveguide is shown. This procedure, known as the three cavities moment method, uses three cavities and their input reflection coefficients for obtaining three linear equations. The main drawback of this method is a restriction regarding the phases of the reflection coefficient of the short-circuited waveguide sections, which must not have 360º differences at a given frequency. This procedure assumes only one propagating mode and an extension is presented in [3] . Further research on the three cavities approach can be found in [4] where a coaxial to a rectangular waveguide junction is analyzed using the five-cavity moment method in combination with network cascading techniques and an interpolation method. All these methods use exclusively waveguide short-circuit standards at different electrical lengths from the transition in order to extract its behavior versus frequency.
In this work, two different standard types such as short-circuits and thrus are used and two transitions are simultaneously characterized. A new inverse characterization technique is introduced in order to evaluate coaxial to waveguide transitions jointly with the device under test. This novel unterminating procedure is carried out by minimizing the error between calculations of scattering matrix concatenations that contain the 
THEORY
An inverse technique [11] provides the estimation of an unknown parameter by comparing the experimental response of the analysed structure to the calculated simulation of the experimental scenario. In this study the two-port scattering matrices (S) of two slightly different coaxial to waveguide transitions and a device under test are simultaneously obtained using an inverse procedure. The proposed procedure can be however extended to any other transition and line types. In Figure 1 a scheme of the WR-340 transitions under study and the device under test is depicted. As it can be observed, these transitions include several tuning screws in order to obtain good matching levels within the operating bandwidth. The device under test consists of a 2 cm WR-340 waveguide holder whose cross section is completely filled with a 1.043cm PTFE slab.
2.1
Parameter Description The two-port scattering parameters of each coaxial to waveguide transition and those of the device under test are modelled through their magnitude and phase representation. This leads to 18 different unknown real parameters when considering the fact that where β is the phase constant in the waveguide and l is the length of the line. The cascade formulas for S-parameters are well known and can be found in literature [13] .
2.3
Optimization Techniques The values of frequency points in the range under study with the help of two different optimization techniques. For the first frequency point, the initial solution is obtained with the aid of a genetic algorithms tool implemented in Matlab [14] . A more accurate refinement is then obtained with the aid of a gradient based optimization method using as initial point for the search procedure the best solution obtained in the genetic algorithms' stage. The solution of the following frequency point is calculated with the gradient based method by using as initial point the solution of the preceding frequency point iteratively. A steep deviation in the solution frequency response may lead to wrong solution values increasing the fitness function evaluation. In this case a genetic algorithms stage is generated again for the wrong last frequency point calculation.
The flowchart of the optimization procedure employed in this work is shown in Figure 3 . Genetic algorithms have been chosen in this work to find the global minimum error at the first optimization stage. An individual of genetic algorithms represents a possible solution of our problem that contains the estimation of 18 different unknown real parameters necessary to characterize the two transitions and the device to be measured. These 18 unknown parameters require a high number of individuals and generations to reach a good approximation. Thus, 300 generations, 150 individuals, 120 crossovers per generation and 5 mutations per generation have been used during the genetic algorithms' stage. In the first generation a random initial population is evaluated. Crossover and mutation operations define the following generations evolving towards the optimum individual (our solution).
The gradient based optimization stage uses a multivariable Matlab® function that implements the Quasi-Newton method.
Both optimization algorithms require an evaluation function that becomes a crucial aspect. In this work, the evaluation function takes into account the magnitude of the difference between the measured complex scattering parameters ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The expression to evaluate the error when using any of the three unknown devices including a short-circuit standard during the optimization procedure is shown in (5). To evaluate a thru connection between transitions including or not the device under test and a 12.65cm transmission line eq. (6) is used. The generalised evaluation function expression including all the error contributions is shown in (7). The evaluation is carried out for each frequency point. 
EXPERIMENTAL SET UP
A Rohde & Schwarz ZVM vector network analyzer (VNA) has been used in this work in order to measure the scattering matrix frequency behavior of the coaxial to waveguide transitions when using different standards. 601 frequency points were collected in each measurement in the 2.2-2.8 GHz frequency range. Therefore, it was ensured that WR-340 waveguide components worked only with the TE 10 main mode.
A Rohde & Schwarz ZV-Z32 PC 3.5 fixed matched calibration kit was employed in order to calibrate the VNA at the calibration plane shown in Figure 1 . The coaxial to waveguide transitions used in this work belong to a Continental Microwave WCK340-HP waveguide calibration kit [15] .
RESULTS
Due to the high number of employed standards a time of approximately 25 minutes has been necessary to carry out the inverse procedure in a personal computer with 3 GByte RAM memory and a 2 GHz processor. A minimum number of standards is required to obtain a valid solution and extra standards can be used to provide redundancy and increase the accuracy of the results [12] . Figures 4 and 5 show the results for the transition 1 for both the magnitude and phase of S 11 and S 12 S 21 product when all short-circuits and thrus shown in Figure 2 are used to evaluate the fitness function. The results of this new inverse technique are compared to those provided by the three cavities method for both transitions. From these results it can be appreciated that both techniques show good agreement. An absolute average error of 0.0123 has been obtained for the S 11 magnitude and 0.1318 rad. for the phase when comparing with the three cavities method in the frequency range under study. S 12 S 21 product has been included in this work in order to be able to compare our results to the three cavities technique described in [1] . S 12 S 21 provides better results as an absolute average error of 0.0017 has been obtained for the magnitude and 0.1034 rad. for the phase. S 22 offers similar results than S 11 and consequently they have not been depicted.
In Figures 6 and 7 results for the S-parameters (magnitude and phase) of the device 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Good agreement can be found for the three techniques (inverse procedure, simulations and DUT experimental measurements with waveguide calibration) showing that the proposed procedure can be successfully employed to obtain the coaxial to waveguide transitions and the device under test S-parameters.
CONCLUSION
A new two-tier inverse technique for characterizing jointly two coaxial to waveguide transitions and a device under test based on the use of genetic algorithms and a gradient based method has been described and compared to the three-cavity measurement technique, measurements and simulations. Very good results are obtained by using several calibration standards such as short-circuits and thrus.
This inverse technique provides very similar results to those obtained by the threecavity method or simulations but, additionally, is able to handle any standards combination provided that they can be properly included in S parameter cascade calculations. Additionally, the proposed technique is able to provide an accurate characterization of the device under test without the need of de-embedding techniques, which cannot be done with the three-cavity method.
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